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ABSTRACT

In this paper, threading dislocation densities in GaN and AlGaN epitaxial layers have been
evaluated using two different X-ray analysis techniques; a Williamson Hall (WH) plot and
reciprocal space mapping (RSM). GaN and AlGaN have crystalline growth composed of
columnar structures that can be estimated by coherence length and angular misorientation
measured by X-ray. A WH plot can provide information about coherence length and tilt angle
from a linear fit to the linewidth of the triple axis rocking curve (000/) symmetric reflections.
RSM is typically used to obtain this data, but it is more involved in technique. The two dominant
components of threading dislocation densities (screw and edge types) in the GaN and AlGaN
epitaxial layers were found to be similar by both techniques. The treading dislocation density
correlates to the size of columnar structure as determined by coherence length, tilt angle, and
twist angle. The effect of Al composition in AlGaN alloys on these dislocation densities was
investigated and found to depend on strongly on the type of nucleation layer, GaN or AIN.

INTRODUCTION

GaN-based materials have attracted much attention for optoelectronic device applications
where there is a need to operate in the blue-green regime.[1] However, the high threading
dislocation density in the ITl-Nitrides is an issue that encumbers their further development as
optoelectronic devices in the ultraviolet.[2] The threading dislocation (TD) density is normally
determined using plan view transmission electron microscopy (TEM), however this technique is
destructive and typically requires a few days before the this data can be obtained.[3] X-Ray
Diffraction (XRD) has been used to obtain functionally equivalent data from some average
measurements of crystal microstructure. Since XRD is non-destructive and rapid characterization
technique it is the most common technique used (o optimize crystalline quality growth
parameters, GaN is different to other compound semiconductor materials because it is formed
with large areas of crystalline material that are misaligned to each other, a columnar structure (i.e.
mosaic structure).[4] Thus an estimate of size of those domains, the average misorientation
between them and dislocation density is important in optimizing material growth. High-
resolution XRD reciprocal space mapping (RSM) is normally utilized for detailed
characterization of such crystalline structures. However, a much quicker and simpler method to
obtain similar information utilizes the Williamson-Hall (WH) plot.

In this study of GaN and AlGaN, RSM and WH plot techniques were used to characterize the
columnar structures and to evaluate the threading dislocation densities of thin layers grown by
MOCVD. These two methods are compared for consistency and to investigate the effect Al
composition in AlGaN alloys on dislocation density.
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THEORY

Reciprocal space mapping (RSM) of a
reflection plane can be plotted by recording
equivalent intensities from a series of {1 scans
each having different detector position with
respect to 2@ direction (Q-20 scans). Since the
linewidth of these scans for RSM are broadened £940
by size (coherence lengths) and angular
misorientation (tilt and twist angles) of the 5945
columnar structure, the RSM is used to obtain
information of the columnar structure. As -
illustrated in Fig. 1, the lateral coherence length i Q10000
(L) is the reciprocal of the component of the e 7 e
FWHM parallel to surface (Leon) in the RSM of an | Fig. 1 (1104) RSM of GaN #1. Leon is the
asymmetric reflection.[5] On the other hand, from length of the FWHM component parallel to
the RSM of a symmetric (000/) reflection plane, | surface, and Ly is the reciprocal Leas. G is
the tilt angle (o) is the vertical component of the derived by the length of component
FWHM ellipse. Lastly, from the RSM of perpendicular to origin direction. In addition,
reflection planes in the a-axis direction, the | UaxCan be obtained from (0004) RSM.

Layer Surface

3

Q216000
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vertical component of the FWHM ellipse is twist angle (Owist).[6,7,8]

Another technique for obtaining Ly and oy is through the use of Williamson-Hall (WH) plots.
For this technique, the broadening of the € scan (rocking curve) of the symmetric reflections is
affected only by the tilt and the coherence length parallel to the reflection surface. WH plots
make it possible to distinguish these two broadening mechanisms.[9] When B(sin@)/A is plotted
against (sin@)/x for each reflection and a straight line is fitted, the y-intersect (Y,) of the fitted
line is used to estimate the lateral coherence length, Ly (= 0.9 / 2Y, ) [2,10,11,12], where B, 0,
and ) are the integral width of the measured profile, the Bragg reflection angle, and X-Ray
wavelength, respectively. In addition, the slope of the fitted line corresponds to the tilt angle, e
Additionally, Qs is found from ®-scan on asymmetric reflections. In this work, it is assumed
that columnar structure does not abruptly change over the reflection planes, so the information
from a specific reflection by using RSM method can be compared to the mean values obtained
from the WH method.

Using the data obtained from RSM or WH methed, different dislocation densities can be
determined. This is done through the use of Burgers vectors and the calculations given below.
GaN layers have three main types of threading dislocation (TD) densities; screw dislocation
along the c-axis [0001], edge dislocation in the a-axis [1120] and mixed screw and edge
dislocations. In this work the mixed dislocations are ignored because they should have much
lower densities than pure screw or edge dislocation. Screw and edge dislocation densities are
distinguished by Burgers vectors be = [0001] and b, = 5 [11 20] respectively. The tilt angle is
used to determine the screw dislocation density, Nyeew, with the Burgers vector [be| by [2,11]

Nicrew = Ga’/ (435 ") (2)
The same is done with twist angle to determine the edge dislocation density, Nedge, With the
Burgers vector [b,}, the majority of the dislocations occur at the small angle grain boundaries, [2]

406

These ¢
constarn
find the

xGaxN =

EXPEI
In thi
inanE
as the ¢
GaN mt
thick, r
growth
used fc
V/II 1
sample
4000 a
monitc
XRI
equipp
scan o
(1104
each s:

RESU
Undor

A
cohere
by (0C
detern

FWHM#sin0/, (*16%) (A




surface Normal

Q. *10000

2806
#1. Leon 18 the
ent parallel to
cal Leon. Gun is
f component
m. In addition,
1y RSM.

all (WH) plots.
¢ reflections is
ace. WH plots
nB)/A is plotted
o) of the fitted
"1, where Bo, 6,
le, and X-Ray
» tilt angle, G
., it is assumed
he information
ralues obtained

:nsities can be
is given below.
ew dislocation
rrew and edge
uld have much
n densities are
he tilt angle is
by [2,11]

Nedge, With the
youndaries, [2}

Nedge = Oliwist / (21 Iba[ Lll) (3)
These dislocation density is a function of Burgers vector that is directly expressed by lattice
constant of the films. For dislocation densities of Al,Ga,..N layers, therefore it is necessary to
find their lattice constants. Lattice constant of an alloy can be derived using Vegard’s law (aax-
«Gasn = Xaaw + (1-¥)acgan ) which is a relation between composition and lattice constant.[13]

EXPERIMENT

In this work, all samples were grown by Metalorganic Chemical Vapor Deposition (MOCVD)
in an EMCORE D180 short jar system on (0001) on sapphire. TMGa, TMAL and NH; were used
as the source precursors for Ga, Al, and N, respectively. A 30nm low-temp (540 °C at 300 Torr)
GaN nucleation layer was used for undoped GaN samples #1, #2, and #3; 2.2, 1.9 and 2.2 um
thick, respectively. The GaN epilayers were grown at 1050 °C with a V/IIL ratio of 4000 and a
growth rate of ~2um/h. a 25 nm low-temperature (590 °C at 300 Torr) AIN nucleation layer was
used for AlGaN epilayers. Aly1sGaggsN #4 was grown at 900 °C on 2 m GaN buffer layer with a
V/II ratio of 33000 and a growth rate of ~0.15 m/h. AlysGaosN #5, Alpe2GapasN #6 and AIN
sample were grown at 1080 °C on low-temperature AIN nucleation layers with a V/III ratio of
4000 and a growth rate of 0.5, 0.3 and 0.2 pum/h, respectively. In-situ reflectometry was used to
monitor the growth rate and the surface morphology.

XRD measurements were performed with the Philips X’pert MRD triple-axis diffractometer
equipped with a four bounce Ge (022} monochromator and a Cu sealed anode. £ scan and 20- Q
scan on the symmetric (0002), (0004), and (0006) reflection planes as well as RSMs on (0004),
(110 4), and (121 1) reflection planes were performed. In addition, ®-scans were completed on
each sample. »

RESULTS
Undoped GaN

A reciprocal space mapping (RSM) of GaN #1 is shown in Figure 1, from which lateral
coherence length is determined as the reciprocal of Leon. In addition, the o and thwis are given
by (0004) and (121 1) RSMs (not shown here), respectively. Furthermore, Ly, ¢, and Guuiq are
determined in the same manner for GaN #2 and #3.

WH plots have also been used to extract

values for L and oy for these samples in Fig. 2.

— 10 ®  GaN#l Values for o were obtained directly from ®-
'; . E‘Rfé .t - scans on asymmetric reflections.

2 8 1 GaNE3 ﬁ'_—" o The data for GaN obtained by both these

é 0.6 Tiit: 308 aresec ool techniques is summarized in Table 1. Theo mean

% 04 Lot 088 9 i 20tareee | Nurew With the Burgers vector {|be|=5.185 A) and

£ s L TGaNgr La i 0S8 pm N with the Burgers vector (b=3.189 A)

SR S [r :t::(i;g 3:;:%‘: obtained using a WH plot have been compared

00 00 2 o o6 with these obtained using RSM. The ay;, values by

sin/.{A™) WH are larger than these by RSM methods. This

may be explained by annihilation of the defects

Fig.2  Williamson-Hall Plots for undoped | with respect to the growth direction (i.e. c-axis)
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during the growth process.[14, 15] Since the tilt angle along the c-axis is relaxed during growth,
the average o by WH is smaller than a transition oy, value by RSM. While the mean Ly, by WH
is smaller than a transition Ly value by RSM, since Ly, a component length with respect to

Method GaN #1 GaN #2 GaN #3
‘WH plot 0.82 0.58 0.48
Ly fum]
RSM 0.33 0.25 0.28
WH plot 216 211 308
Tilt {aresec] pio
RSM 274 266 335
R @ scan 835 662 792
Twist [arcsec]
RSM 792 655 702
= WH plot 9.4E+07 9.0E+07 [.9E+08
Nicew [em™]
RSM 1.5E+08 1.4E+08 2.3E+08
Negee [em?] WH plot 7.4E+08 8.3E+08 1.2E+09
edne [CTT™
° RSM 1.7E+09 1.9E+09 1.8E+09
Table 1. Summary of the mosaic structure factors of GaN samples #1, #2, and #3by various methods

parallel to surface, is smaller as oy is larger. These differences lead to dissimilarity between two
methods for Ny and Ne,. due to relaxation of defect during growth. The WH plot provides the
mean size and angular distribution of the columnar structure from a combination of the (0002),
(0004), and (0006) reflections, while RSM provides a specific value from a specific reflection,
Therefore, the WH plot may be expected to provide a more reliable estimate of the average
values for the columnar structure of GaN, even though RSM measurements will provide more
accurate information. It should be noted that the values obtained for N..., and N, are less
accurate than those typically measured by TEM and this is being investigated.[3] However, both
the WH plot and RSM still allow a relative measure of material quality.

Al;Ga,..N/Nucleation layer on AbO;
Based on the previous two methods for GaN samples, AlGaN epitaxial layers have also been
investigated. Fig.3 exhibits AlGaN #4 RSMs of asymmetric and symmetric reflection planes
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(1211) RSMs (not shown
here). AlGaN #5 and #6
were also performed in 50
the same way. These
RSMs have two peaks

corresponding to GaN » Sl e
layer and AlGaN layer, 2750 200 5 50 o »
respectively. It can be
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5900 5900

<F GaN ‘ .

Fig.3 (a) (110 4) RSM of AlGaN #4 (b) (0004) RSM of AlGaN #4

observed that the GaN
peak is stronger than the diffraction corresponding to the AlGaN layer in Fig, 3 (a). A thicker
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layer (2 um GaN > 0.2 um Alg15GaqssN ) leads to stronger XRD intensity as well as sharper peak.
It is shown in Fig. 4 that WH plots provide Ljand a. Alo.isGaossN layer of AlGaN #4 on
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£ al P ~ ] i
< 4 g LE % =
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Fig. 4 Williamson-Hall plots for AlLGa. N
layers of AlGaN #4, #5, and #6. Different Fig. 5 Screw and edge densities with Al
nucleation layer cause this quite difference composition for AlGaN #4, #5, and #6
between AIGAN #4 and AlGaN #5 (or #6)

M of AlGaN #4

3 (a). A thicker

GaN nucleation layer seems to have values similar to those of GaN samples. Whereas, AlGaN #5
and #6 grown AIN nucleation layer have quite different values from the AlGaN #4. The
difference is probably caused by relaxation of the underlying layer. This relaxation associated
with layer thickness can be influence on the columnar structure of the AlGaN layer and also
cracking in this layer.[16] In addition, AlGaN samples have larger tilt angles and smaller
coherence lengths as the Al composition increases.

Dislocation density is a function of Burgers vector that is directly indicated by lattice constant
of the layer. 26 scans on (0004) reflection are measured to evaluate lattice constants of AlGaN
#4, #5, and #6. Thus, from the measurement data, the Burgers vectors of c- XmS and a-axis for
AlGa,xN alloys can be easily determined as |b =5.153 and |b,|=3.177 A, |b=5.101 and

AlGaN #5 AlGaN #6 AlGaN #6
Method AlGaN #4 AloisGagssN | AlosGageN | AlosxGagasN AN
ethods 5 N 2Gagas
GaN layer 0.15920.85 0,480 0.62920 381 AIN layer
layer layer layer
‘WH plot 0.51 0.52 0.06 0.056 0.27
Ly fum]
RSM 0.62 0.46 0.05 0.054 0.06
. WHplot 265 259 1444 1477 2140
Tilt [arcsec]
RSM 256 349 1857 2120 2232
. & scan 831 NA 6804 8496 8028
Twist[arcsec]
RSM 493 NA NA 9457 7380
N [ 2 WH plot 14E+08 1AE+08 4.3E+09 4.4E+09 LOE+10
serew [CT
’ RSM 1.3E+08 2.5E+08 7.2E+09 9.5E+09 LIE+10
N [cm"2] WH plot 1.2E+09 NA 8.3E+10 1.1IE+11 2.2E+10
et RSM 5.8E+08 NA NA 1.3E+11 9.0E+10
Table 2. Summary of the mosaic structure factors of AlGaN samples #4, #5, and #6 by various methods
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[b}=3.158 A, and |bc=5.055 and [b,/=3.141 A for AlGaN samples #4, #5, and #6, respectively.

The variation of the screw and edge densities with Al composition measured by WH and RSM
is shown in Figure 5. It is apparent that AlGaN grown on the GaN nucleation layer (< 40% Al)
shows lower densities of screw and edge dislocations than those grown on AIN nucleation layers
( > 40% Al). Moreover, it appears that the screw density increase with Al composition in
AlyGa ;N layer ( > 40% Al) shows a systematic increase with Al composition. It could be
expected that the growth mechanism could change with increasing Al however further
measurements are needed before this conclusion can be reached.

Table 2 shows mean geometric size of columnar structures as well as dislocation densities for
the epitaxial AlGaN layers. Some values are not reported due to the weak XRD intensity and, as
a consequence, the large error on these measurements. Moreover, the values obtained for Ly, o,
and Orvise by WH and RSM are in closer agreement than GaN; i.e. specific values aren’t much
varied since defects are less relaxed due to smaller thickness and different type of nucleation
layers.

CONCLUSION

In this work, we have studied the typical mosaic structures of GaN on sapphire with WH and
RSM methods by XRD measurements. The effects of not only the columnar structure’s size and
angular uniformity, but Al composition in the epitaxial AlGaN layers on TD density have been
investigated. In Addition, TD is influence by the type and thickness of nucleation layer
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